Transmission electron microscopy (TEM) is a widely used tool for analysis of very large scale integrated (VLSI) semiconductor devices. As a special TEM-feature, off-axis electron holography obtains information about the electrical characteristics of a specimen, which are connected to the dopant concentration in the bulk material. Compared with conventional TEM, application of electron holography for dopant profiling demands a higher quality of specimen preparation, e.g. in terms of thickness homogeneity. Since preparation by means of focused ion beam (FIB) has become an industrial standard for TEM-investigations, its facilities are investigated for meeting the high holographic demands. It turned out that, besides many advantages like precision and speed, the use of FIB for preparation introduces new specific problems, e.g. it is hardly possible to visualize doped areas of semiconductors on a classical, thin FIB specimen. Additionally, some artifacts of FIB-preparation have no great importance for normal TEM analysis, but do significantly influence the results of holographic analysis. In order to satisfy the higher demands of preparation for holography, a special procedure for FIB-preparation has been newly developed.
Introduction
The properties of semiconductor devices are determined by electrically active, implanted dopants. Therefore, and for refinement of theoretical models with experimental data, knowledge about distribution of those dopants is indispensable. This is especially true, since dopant concentration in electrically active areas is one of the material characteristics that do not scale down linearly with the continuous reduction of device sizes. As a result of the downscaling process, new gateways are opening up to the designers of semiconductors, which need correspondingly high resolution for the analysis both in space and in dopant concentration. Existing analytical methods can no more meet these requirements in a satisfactory way: 'Electron Energy Loss Spectroscopy' and 'Energy Dispersive X-Ray Spectroscopy' are both not sensitive enough for the small dopant concentrations; 'Material Specific Etching' is not sufficiently accurate and reproducible; 'Secondary Ion Mass Spectroscopy' does not provide lateral resolution, and, furthermore, does not distinguish between electrically active and inactive dopant atoms; also, 'Secondary Electron Contrast' in a scanning electron microscope does not deliver unambiguous results at the needed lateral resolution and will therefore fail at smaller structures in the future.
A satisfactory alternative is urgently needed. Transmission electron microscopy (TEM) seems to be promising because it offers atomic resolution. However, since the highest usual concentration of dopants is <0.1% relative to the undoped silicon, it is nearly impossible to detect the dopants directly using a conventional electron micrograph. The best way is to measure the change of physical properties such as the potentials produced by the dopants; for example, adjacent areas of a semiconductor with different concentrations of electrically activated dopants show band bending at the transitions. The result is a typical potential distribution with a width of $100 nm. This potential structure predominantly influences the phase of the object exit wave in the electron microscope. However, large area phase contrast is needed to analyze the dopant areas by means of a 2D-map. Unfortunately, due to the contrast transfer properties found in TEM, the phase modulation does not create significant phase contrast for dimensions >2 nm; consequently, potential structures of dopant distributions are not visible in a conventional electron micrograph.
Electron holography in the TEM is a promising way out: it allows imaging of the whole electron wave, including all modulations found in amplitude and phase [1] . From a hologram, by means of numerical image processing using Fourier transforms, amplitude and phase information can be extracted and analyzed separately. The contrast transfer function of the TEM no longer restricts the access to large area phase information. The resulting phase image of the object provides the basis for 2D mapping of dopant concentration in the silicon matrix.
Sample preparation is crucial. The use of focused ion beam (FIB) for specimen preparation offers attractive advantages such as speed, target-preparation and easy handling by computer control. Therefore, FIB plays an increasingly important role in modern industrial failure analysis. As an example, an FIB-prepared specimen with a typical resulting lamella is shown in the upper part of Fig. 1 , whereas a schematical drawing in the lower part of Fig. 1 shows the characteristical structure of the lamella. Unfortunately, FIB may produce artifacts in the object, which also show up in the phase image reconstructed from a hologram [2] . Optimizing the preparation process for the special requirements of holography is urgently needed. In this paper, problems with FIB-preparation for holography and possible solutions are outlined.
Methods

Analysis method: principle of holographic measurement
Historically, electrons were discovered as 'classical' elementary particles. Quantum mechanics soon revealed that their behavior includes wave-like features. A well-defined electron beam with sharp energy distribution, as given in TEM, can be regarded as a plane wave with the parameters amplitude and phase. Because conventional TEM only detects the intensity of the electron beam, i.e. the squared amplitude of the electron wave, the image phase is not recorded at all.
In general, measurement of phases is only possible by interferometric methods. Holography, as a special example of interferometry, offers even more capabilities; in holograms, waves are always recorded completely. Therefore, both amplitude and phase can be analyzed afterwards for characterization of the object. Holographic concepts were realized for different experimental setups. For TEM, off-axis electron holography has shown to be the most powerful method. The holographic setup in the TEM is schematically explained in Fig. 2 Fig. 2 Ray diagram of a TEM for electron holography: one half of the beam interacts with the specimen (object exit wave), whereas the other half propagates through vacuum (reference wave). The electron biprism is used to overlap both waves. The result is an interference pattern in the image plane containing the whole information of the electron wave, amplitude as well as phase modulations. inventor . The wire is placed midway in the electron beam, slightly above the first image plane. The electron-attractive forces of the charged wire tilt the fronts of both waves towards each other and in the subsequent image plane the waves overlap at an angle depending on the biprism voltage. If the waves are coherent, they form interference fringes in the image plane. The needed high coherence is achieved by means of a field emission electron source (FEG) in the TEM.
In case of unmodulated plane waves, the hologram fringes are straight and equidistant. However, if one of the two waves propagates through an object ('object exit wave'), e.g. with an electric potential distribution, the phase of the wave is modulated accordingly. By interfering with the unmodulated second wave ('reference wave'), the resulting fringe pattern will contain the complete object exit wave. The phase distribution of the object-wave is revealed by deflection of the fringes, whereas the amplitude modulation is encoded in local changes of the contrast of the fringes. Consequently, the hologram gives access to phase and amplitude modulation from the object. Acquiring the hologram with a CCD-camera and numerical image processing using Fourier-algorithms allows the reconstruction of the object exit wave as an array of complex data. Then, mathematical routines enable separate extraction, visualization and analysis of the amplitude and phase images of the object [4] .
Most essential is the phase information, because it reveals, for example, the potential distribution in the object produced by the dopant distribution. This allows topographical 2D mapping of dopant concentration.
Analysis method: limit by thickness variation
Differently doped areas in semiconductors cause a local variation DV pn of the electric potential added to the mean inner potential V Si of the silicon matrix, resulting in the potential distribution
This potential causes a phase shift D' of the object exit wave.
with the interaction constant
where n is the velocity of the beam electrons, and
is the 'projected potential' integrated in z-direction over thickness t. For a constant t, the influence of V proj on the phase of the electron wave is shown in Fig. 3 . The relation between the projected potential V proj and thickness t can be written as
if the specimen represents a potential distribution V(x, y) independent from z. The phase shift of the electron wave is a measure for both the potential shift DV pn and the mean inner potential V Si . In case of a homogeneous mean inner potential V Si and a constant thickness t, variations of the projected potential V proj (x, y) directly display DV pn . Unfortunately, V Si ($12 V) is $10 times larger than DV pn ($1.0-1.2 V) [5] . Therefore, even very small thickness variations of the object produce phase variations in the same order of magnitude as potential variations due to locally implanted dopants. Because it is not possible to decide whether a locally measured phase shift represents local variations of thickness or different dopant concentrations, thickness variations have to be minimized below a corresponding level during preparation. For example, aiming at a potential resolution of 0.1 V for DV pn , variations of the projected mean inner potential must be <1%; hence, thickness variations also have to be <1% [6] . This is a restriction that usual TEM samples do not have.
Analysis method: optimum object thickness for dopant profiling
Furthermore, there is the problem to detect the comparably small DV pn well above noise. The figure of merit is the signalto-noise ratio in the phase image, which can be written as
V≈12V V≈13V V≈11V Fig. 3 Scheme of wave modulation in a TEM at different electric potentials: the object phase is shifted relatively to the phase of the reference wave. This shift is $10 times larger than the difference in phase shift at differently doped areas.
where Dj means the signal and dj the noise. The contrast parameters m i consider inelastic interaction, instabilities in the microscope, degree of coherence of illumination, and contrast damping by the modulation transfer function (MTF) of the detector system. 'snr' is a given constant value for the desirable signal-to-noise ratio; N is the number of electrons collected in a resolution element subsequently evaluated in the image plane, reduced by the detection quantum efficiency (0 DQE 1) of the detector. Evidently, to get a strong phase shift Dj from a small potential, one has to select the specimen thickness t as large as possible. This is an important difference from a classical TEM specimen, which is manufactured as thin as possible. However, the fraction of inelastically scattered electrons increases with thickness also and reduces the fringe contrast by
where l inel is the mean free path length of inelastically scattered electrons.
Since the inelastic electrons are incoherent with the vacuum reference wave they do not contribute to the phase signal Dj, instead they only increase the phase noise dj. Consequently, the signal-to-noise ratio has to be optimized as function of t [7] . Taking account of all thickness-depending factors yields the proportionality
from which the optimum thickness can be derived as
The mean free path for inelastic scattering l inel and hence the optimum thickness t opt depends only on object material and accelerating voltage of the electron microscope. For the needed relatively thick specimen the object shape plays no role. Values of l inel given in literature for silicon at a 200 kV accelerating voltage vary from 92 nm [8] up to 147 nm [9] . Therefore, the optimum FIB-lamella thickness amounts theoretically to 185-295 nm.
Preparation method: principle of FIB For measurement with a TEM an electron transparent object is required. This means a sample thickness <400 nm, which can hardly be achieved by mechanical polishing in a reproducible way. Therefore, the last step of preparation is usually a chemical or a physical treatment by etching or ion milling. Usually, TEM analysis in semiconductor industry uses cross-sectioned wafer samples, which are often FIBprepared. For this, the corresponding samples are mechanically pre-prepared. With the area of interest in the center, a small piece is cut from the wafer ($2000 mm Â 30 mm Â wafer thickness). With a conductive adhesive, it is bonded to a metallic carrier, e.g. a copper half disc, which allows fixing the object in different holders. In the FIB, it is oriented in such a way that the ion beam cuts frontally into the wafer surface to obtain a thin cross-section ('lamella'), whereas in the TEM the lamella is oriented perpendicularly to the electron beam.
The following FIB-preparation consists mainly of three steps. In the first step, the area of interest is covered by deposition of a metallic bar (e.g. platinum). The bar should have the length of the intended lamella (ca. 5-20 mm), a width of 1 mm and a thickness of at least 50 nm. The next step is to cut void boxes on both sides of the bar, only the material beneath the platinum covered area remains as a freestanding lamella. In the last step, a weak but fine ion beam is used to polish the lamella from both sides, until the desired final thickness is reached. The ion-shielding platinum bar provides a straight and well-defined frontal cutting edge. As an example, a result of this three-step-procedure is shown in Fig. 1 .
Preparation method: artifacts at FIB-prepared TEM-lamellae
The Wedge-effect
Because of the Gaussian intensity distribution of the FIB, the cross-section of a lamella is wedge-stump shaped with foil thickness increasing in the direction of the ion beam, i.e. from top to bottom. For the 30 kV ion beam of the used FIB ('FIB 800' and 'Dual Beam XL235' of FEI Company), the angle between both lateral surfaces reaches 2.7
. This causes a corresponding wedge in the phase image, disturbing or even falsifying the signal of interest.
Side amorphization and 'deadlayers'
The high-energy ions of the FIB damage the crystalline nanostructure of the object by amorphization and ion implantation. In particular, the lateral surfaces of the lamellae are amorphized to a considerable depth. A TEM analysis conducted at AMD Saxony has revealed a thickness of 17 nm amorphous silicon at each lateral side of a 30 kV-FIB-lamella [10] . Amorphization has severe consequences for the semiconductor characteristics since the dopant-related electrical features disappear in the amorphous state. A contribution to the particular potential shift DV pn can only originate from the crystalline core of the lamella. This is not the case for the phase shift from the mean inner potential, which is essentially the same for crystalline and amorphous silicon. The electrically inactive layer is taken into account by means of t 0 [11] :
The first term contains the mean inner potential V Si that is effective over the whole lamella thickness t. The second term describes the contribution from the potential difference DV pn , which is limited to the electrically active crystalline core of the lamella. Here, t has been reduced by the thickness of the electrically inactive layer t 0 for each surface. In the following, 2t 0 is called t dead ('dead-layer thickness').
'Curtaining effect'
Some FIB-prepared lamellae show unwanted 1D structures, which are oriented in the direction of the ion beam; the so-called Curtaining, which is illustrated in Fig. 4 . These preparation artifacts are thickness variations in the silicon substrate that arise from small local variations of the sputtering process. Usually they exceed the given limit of 1% of specimen thickness significantly. Because of the residual Gaussian intensity distribution in the ion beam structures on the silicon substrate cause shadowing, which results in a corresponding thickness pattern in the silicon substrate beneath.
There are different reasons for curtaining. One of them is that the object often consists of a compound structure. Since, for dopant profiling, the objects are fully processed microchips, they consist of a variety of different materials on the wafer surface. All of them might differ in ion beam sputter rate and hence give rise to a shadowing of the ion beam etching in the deeper bulk material. Therefore, curtaining shows up mostly beneath metallic layers, plugs or insulation structures, e.g. the Si-O-N-based 'Side Spacers' next to the gate-contact (bright vertical structure labeled 'thicker' in Fig. 4a) .
Additionally, if the platinum bar from the first step of FIBpreparation is deposited on a structured surface, its thickness varies locally and hence its ion-shielding capability. This is a second source of curtaining (the dark vertical structure labeled 'thinner' in Fig. 4b ).
Frontal amorphization
The platinum deposition process destroys the crystalline structure of the silicon beneath the bar down to a depth of $30-40 nm. This is demonstrated in Fig. 5 , where the platinum was deposited with the 30 kV ion beam directly upon the bare silicon surface, which resulted in the marked amorphous layer. In such areas, holographic measurement will not reveal the true dopant structure.
Additionally, the platinum bar defines the frontal edge of a FIB-lamella, hence obstructs a stripe between the object area of interest and the vacuum area that is needed for the reference wave. Therefore, the recordable object area is reduced due to the limited field of view of the hologram.
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Amorphised Areas Preparation method: minimizing artifacts from FIB and considering deadlayers for optimum thickness
Avoiding a wedge shaped lamella the necessary constant thickness over large areas is reached by tilting the object by 1.35 against the ion beam during last polishing steps [6] .
The deadlayers do not show a potential shift DV pn , but they contribute to inelastic interaction. This has to be considered in eq. (3b), which gives
The optimum thickness for best signal-to-noise ratio was calculated in the subsection 'Analysis method: optimum object thickness for dopant profiling', with the assumption of a fully electrically active lamella. The unwanted signaldamping deadlayers were not considered. Consequently, the practical optimum lamella thickness has to be the theoretical optimum thickness for best signal-to-noise ratio increased by t dead . Preparation with one of the used 30 kV FIBs ('FIB 800', 'Dual Beam XL235') results in a t dead of $90 nm [12] . Then, eventually, a total thickness of 275-385 nm is suggested for the best SNR in dopant profiling of silicon-based TEM samples. For the used values t dead ¼ 90 nm and l inel ¼ 92-147 nm, the damping factor ranges from 0.61 to 0.74. Therefore, completely removing the deadlayers would increase the SNR by a factor of $1.5.
Before starting with FIB-preparation, any sources of curtaining have to be excluded to keep thickness variation <1%. This needs removal of all materials with sputter rates different from silicon, e.g. metallic parts and 'Side Spacers'. A possibility for removing these is by mechanical polishing of upper metal-layers until the lowest vertical contacts (drain and source) and the 'Side Spacers' next to the gate are revealed. Then, chemical-etching techniques can easily be applied to remove the residual contacts and the side spacers.
Furthermore, a plane object surface is a prerequisite for deposition of a homogeneously thick platinum bar; however, chemical removal of unwanted materials usually leaves a structured surface. Therefore, after chemical treatment, the whole object is sputter coated with silicon at low ion energy to build up a thick silicon layer of $100-500 nm. A subsequent mechanical polishing reduces the layer thickness close to zero. The result is a continuous and flat surface.
To avoid frontal amorphization during platinum deposition a layer of 45-60 nm silicon is deposited with a second sputter coating on the flattened surface. It is important not to deviate too much from this thickness: a thinner layer cannot protect the substrate, whereas a thicker layer reduces the recordable object area because of limiting the field of view in the hologram. A typical result of the described preparation technique is shown in Fig. 6 .
Results
Several industrially produced silicon nanodevices from Infineon Technologies, Dresden, all manufactured using CMOS technology, have been investigated for evaluation of the preparation method. Most of them were transistor structures for commercial purposes.
Specimens were mechanically pre-prepared using a fine diamond wire-saw for cutting, a diamond set for grinding and silicon powder for polishing. Preparation was done by means of a 30 kV FIB ('FIB 800', 'Dual Beam XL235') from the FEI CompanyÔ (Fig. 1) . The holographic analysis was performed in the Triebenberg Laboratory using a Philips 'CM 200 FEG' TEM, equipped with a 'Lorentz-Lens' and an electron biprism [6, 11] .
Field effect transistors in CMOS technology
This work presents measurements from devices with 110 nm structure width. First examples are an n-type FET and a p-type FET prepared using a 256 MB memory chip, the corresponding phase images that reveal the doped areas are shown in Fig. 7 .
For evaluation of the data, profile scans are applied yielding quantitative phase shift. The upper profile scans show the difference in phase shift between the doped and the undoped areas, whereas the lower profile scans verify the constant thickness of the lamella.
Localization of the p-n junction
The general aim of holography of semiconductor devices is the analysis of dopant distributions by mapping the local concentration of activated dopants, as well as the localization of the p-n junction. Both are important for understanding the electrical properties of the investigated structures.
Two different aspects have to be considered. Firstly, structural characterization of the device is strongly linked to the parameters used during the dopant-implant processes. Secondly, localization of the p-n junction in terms of the potential distribution allows the comparison with results from electrical measurements at the fully processed device.
Nowadays, most semiconductors are Very Large Scale Integrated-structures, which are doped by ion implantation. For such devices, p-n transitions are described by the theoretical model of an abrupt p-n junction. It characterizes the electrically active area in a very simplified way by means of two complementarily doped adjacent areas, each with constant dopant concentration. The areas are only separated by a virtual border but still belong to the same single crystal [13] . This fairly agrees with the fact that accelerated ions are stopped in a narrow band at a characteristic depth in a solidstate body, depending directly on the ion impact energy. This depth corresponds to the border between the complementarily doped areas of the model. Because of its direct proportionality to the ion acceleration energy, this depth represents a controllable production parameter, often used as input for simulations of dopant distributions. Consequently, the structural characterization has become an important aspect of the holographic investigation.
However, for the electrical features of the device the resulting charge-carrier-density contribution plays the major role. The p-n junction is situated in the region where electrons and holes compensate each other and the local charge carrier concentration is intrinsic. In general, this criterion is used for the definition of the p-n junction. Its localization is also an important aim of electron holography.
Especially for future device generations with smaller dimensions, knowledge of the relation between the technical aspect of the implanting depth and the physical aspect of the p-n junction will be of increasing importance. At a symmetrical junction where the concentration of electrons in the n-doped region is numerically equal to the corresponding concentration of holes in the p-doped region, the question can be easily answered: the position of the p-n junction and the virtual border of both complementarily doped areas coincide in the center of the transition area.
However, the investigated modern CMOS and memory structures are strongly asymmetrically doped. The basic p-concentration in the bulk substrate is only a fraction of the donator concentration in the n-doped areas. In this case, the electrons from the n-area have to diffuse much deeper into the p-area in order to find enough charge compensating holes. At the same time, only a few holes can diffuse into the (a) (b) n-Doping n-area. Consequently, under equilibrium, the p-n junction is shifted far into the p-doped region. Conversely, relative to the position of the p-n junction in the transition area, the virtual border between n-and p-doped regions seams to be shifted from the center of the transition area towards the higher doped area, and does no longer coincide with the p-n junction [14] . To meet the specific situation of strongly asymmetric p-n junctions, the simple model of an abrupt transition had to be modified [15] . Figure 8 represents the first attempt to locate the virtual border of the complementarily doped areas in a 2D-map. The profile scan characterizes the region of space charge, and because of the asymmetrical doping (p-Boron at 10 17 atoms per cm 3 and n-Arsenic at 10 20 atoms per cm 3 ) the p-n junction is shifted very closely to the onset of the p-n transition.
Non-FET structures
On demand by customers from the semiconductor community, also different non-transistor structures have been investigated, e.g. for process calibration and control. Figure 9 presents the phase image of a device with perpendicularly arranged dopant areas from different implant processes. Obviously, the dopants in both areas have been activated.
Another example is the comparison of two similarly doped but differently annealed structures, given in Fig. 10 [16] . Here, the phase images reveal different distances between the doped areas, which prove that changed production parameters can be registered by electron holography.
Discussion and outlook
The experimental results of holographic analysis of semiconductor devices show the possibility of reproducible 2D mapping of phase shift distributions. Next step is to establish a stable procedure that allows transforming the phase shift maps into maps of dopant distribution. Therefore, accuracy of used constants is of urgent need, e.g. the values given in literature for the mean free path length of inelastic electron scattering. Now, given values for l inel differ by >150%. A new and precise re-estimation will improve the precision of evaluations from the raw data.
New experiments have shown that at least the amorphous part of the deadlayers might be removable [17] . Since removal of the deadlayers would help to increase the signal-to-noise ratio up to a factor of $1.5, it would be very useful to include corresponding procedures into the holographic preparation process. Fig. 9 Phase images of a condensator structure (deep trench) with horizontally and vertically doped areas.
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Crystalline Silicon Substrate Doped Areas Doped Areas Fig. 10 Holographical analysis applied in production: after different annealing processes, two similar n-doped areas show different distances of their p-n junctions. Such analysis allows calibration of process parameters.
Furthermore, knowledge of the exact extensions of the deadlayers is important for comparison of results from holography with those of different analysis methods. Additionally, it has been published that the deadlayers may include also crystalline parts of the TEM-lamella [18] . This might raise the need to work out a thesis that describes the deadlayers in a more complex way.
Charging of specimen has never occurred as a primary problem, although carbon coating has definitely improved image quality by enhancement of reliability and precision. Therefore, carbon coating as an additional step for standard preparation can be recommended.
Conclusions
For introduction of holographic analysis into industrial applications of physical failure analysis, a well-defined preparation method is necessary. It was possible to optimize the preparation with respect to the special requirements of holography and FIB together. Topographical measurement of potential distribution at p-n junctions becomes reproducible, including the localization of the 1D p-n junctions. The potential distribution in the semiconductive material as the physical property that determines electrical behavior is even more important than the dopant distribution itself.
Absolute quantifying of the dopant concentration level needs more knowledge about the deadlayers. For the used FIB-preparation, a value of 90 nm was estimated for the thickness of both lateral deadlayers together.
After certain further steps of method-development it should be possible to establish electron holography as a standard analysis method for quantitative applications in the semiconductor industry.
